Mitogen-activated protein kinase kinase 6 (MKK6) is a member of the mitogen-activated protein kinase (MAPK) kinase (MAP2K) subfamily that specifically phosphorylates and activates the p38 MAPKs. Based on both biochemical and cellular assays, we found that MKK6 was extremely sensitive to oxidation: It was inactivated by oxidation and its kinase activity was fully restored upon treatment with a reducing agent. Detailed mechanistic studies showed that cysteines 109 and 196, two of the six cysteines in MKK6, formed an intramolecular disulfide bond upon oxidation that inactivated MKK6 by inhibiting its ATP binding. This mechanism is distinct from that seen in other redox-sensitive kinases. The two cysteines involved in intramolecular disulfide formation are conserved in all seven members of the MAP2K family. Consistently, we confirmed that other MAP2Ks were also sensitive to oxidation. Our work reveals that MKK6 and other MAP2Ks are a distinct class of cellular redox sensors.
Mitogen-activated protein kinase kinase 6 (MKK6) is a member of the mitogen-activated protein kinase (MAPK) kinase (MAP2K) subfamily that specifically phosphorylates and activates the p38 MAPKs. Based on both biochemical and cellular assays, we found that MKK6 was extremely sensitive to oxidation: It was inactivated by oxidation and its kinase activity was fully restored upon treatment with a reducing agent. Detailed mechanistic studies showed that cysteines 109 and 196, two of the six cysteines in MKK6, formed an intramolecular disulfide bond upon oxidation that inactivated MKK6 by inhibiting its ATP binding. This mechanism is distinct from that seen in other redox-sensitive kinases. The two cysteines involved in intramolecular disulfide formation are conserved in all seven members of the MAP2K family. Consistently, we confirmed that other MAP2Ks were also sensitive to oxidation. Our work reveals that MKK6 and other MAP2Ks are a distinct class of cellular redox sensors.
P rotein kinases form one of the largest protein families in mammalian proteomes. There are over 500 members in both human and mouse kinomes (1, 2) . These kinases function in diverse intracellular signal transduction pathways that control important cellular processes ranging from cell fate determination, proliferation, and differentiation, to apoptosis. Mutations found in some of the kinases are causally linked to a number of human diseases including cancers. A number of effective targeted cancer therapies currently being used in clinics involve drugs (e.g., Gleevec) that selectively target the mutated kinases (3, 4) . Therefore, a thorough understanding of the structure-function relationship of various protein kinases as well as their modes of regulation will be greatly beneficial to the development of more effective drugs.
Among all the kinases, the mitogen-activated protein kinases (MAPKs) are one of the most extensively and best studied kinases (5) (6) (7) (8) (9) . A typical MAPK pathway consists of a three-tier kinase cascade: MAPK, MAP2K, and MAP2K kinase (or MAP3K), with a MAP3K directly phosphorylating and activating a MAP2K, and the latter in turn phosphorylating and activating a MAPK. MAPKs can be further divided into four subgroups: extracellular signalregulated kinases (ERKs), cJun N-terminal kinases (JNKs), p38 MAPKs, and ERK5. Upstream of MAPKs, there are seven well-characterized MAP2Ks in the human and mouse genomes: with mitogen-activated protein kinase kinase (MKK)1/MKK2 specifically activating ERKs, MKK3/MKK6 specifically activating p38 MAPKs, MKK7 specifically activating JNKs, and MKK5 specifically activating ERK5. An exception is MKK4, which can activate both JNK and p38 MAPK (10) . MAP2Ks directly phosphorylate MAPKs on the threonine and tyrosine residues in the conserved "TXY" motif in the kinase subdomain VIII (i.e., activation loop). MAPKs are activated by a wide range of physiological and pathological stimuli that include growth factors, proinflammatory cytokines, and oxidative stress. Oxidative stress accompanies a number of human diseases including cancer, diabetes, and neurodegenerative diseases, as well as cardiovascular diseases (11, 12) . Oxidative stress is triggered by an imbalanced cellular redox state that is normally tightly regulated by oxidants including reactive oxygen species as well as reactive nitrogen species, and antioxidants including glutathione and thioredoxin (11) . Many cellular proteins are known to be directly regulated by the cellular redox state with the thiol group of cysteine (Cys) being a major target for oxidationinduced chemical modification (13, 14) . Depending on the microenvironment surrounding cysteine residues in a particular tertiary structure of a protein, selected cysteines can be preferentially deprotonated to form thiolate ions that can be readily oxidized to form sulfenic acids or undergo S-nitrosylation. Sulfenic acid is generally unstable and can be either further oxidized to form sulfinic acid and sulfonic acid or converted to a disulfide with another thiol from proteins (i.e., intramolecular or intermolecular disulfide) or small thiol-containing molecules (e.g., glutathione) (11, (13) (14) (15) . In addition, sulfenic acid may also be converted to cyclic sulfenamide through the nucleophilic attack of sulfur by a neighboring backbone amide nitrogen (14, 16, 17) . These different forms of oxidation-induced cysteine modification are known to profoundly affect the activity and function of various redox-sensitive proteins.
We demonstrated here that MKK6 as well as other MAP2Ks are a unique class of cellular redox sensors, which could be inactivated by oxidation due to the formation of a specific intramolecular disulfide bond that blocked ATP binding.
Results
Kinase Activity of MKK6 Was Sensitive to Oxidation Both in Vitro and in Mammalian Cells. When a recombinant human MKK6 protein with a thioredoxin(Trx)-6xHis-tag was purified from bacteria, dialyzed in the absence of any reducing agent, and subjected to in vitro kinase assays using a purified glutathione S-transferase (GST)-p38α(K82M) (i.e., kinase-dead) as a substrate, unexpectedly, we found that the kinase activity of MKK6 was barely detectable (Fig. 1A, lane 1) . However, the addition of 1 mM DTT in the kinase reaction greatly restored the kinase activity of MKK6 (lane 2). To exclude the possibility that the observed effect was due to the presence of the Trx-6xHis tag, we cleaved the fusion protein with thrombin and removed the Trx-6xHis tag by passing the mixtures through a column filled with the nickel-containing resins. The purified MKK6 without the Trx-6xHis tag (Fig. 1B) was then subjected to in vitro kinase assays with or without 1 mM DTT. Consistently, the kinase activity of MKK6 was undetectable without DTT but was fully restored in the presence of 1 mM DTT (Fig. 1A, lanes 3 and 4) . To find out whether the endogenous MKK6 in mammalian cells was similarly regulated by oxidation, we first treated HeLa cells with varying doses of hydrogen peroxide (H 2 O 2 ) which is known to readily permeate into cells to induce cellular oxidation (18) . We immunoprecipitated the endogenous MKK6 from cell lysates and measured its kinase activity toward p38 MAPK. Compared to the nontreated control, 20 μM of H 2 O 2 treatment already partially decreased the kinase activity of MKK6 (Fig. 1C, lane 2 ), whereas 100 μM of H 2 O 2 greatly reduced its activity (lane 4). In a separate experiment, we pretreated HeLa cells with varying doses of H 2 O 2 for 5 min followed by stimulation with 10 ng∕mL of tumor necrosis factor α (TNFα), a proinflammatory cytokine known to activate the p38 MAPK pathway (19) . We reasoned that H 2 O 2 pretreatment would inactivate the endogenous MKK6, which could prevent subsequent activation of p38 MAPK by a wellestablished inducer like TNFα. As shown in Fig. 1D , without H 2 O 2 pretreatment, TNFα indeed potently enhanced the kinase activity of MKK6 (Fig. 1D , Top, compare lanes 1 and 5). However, H 2 O 2 pretreatment dose-dependently inactivated MKK6 as measured by the immune-complex kinase assays (Fig. 1D , Top, lanes 2-4). Consistently, the TNFα-induced p38 phosphorylation in the cells was also found to be inhibited by H 2 O 2 pretreatment in a dose-dependent manner (Fig. 1D, Bottom) . To find out whether an oxidation-inducing agent other than H 2 O 2 could also have similar effects on MKK6, we treated RAW264.7 cells, a mouse monocyte/macrophage cell line, with 1 μM phorbol 12-myristate 13-acetate (PMA), which was known to trigger potent cellular oxidation (20) . To preserve any potential oxidation-induced modification on MKK6, we lysed cells in a reducing agent-free buffer. By immune-complex kinase assays, we found that the endogenous MKK6 was potently inactivated by PMA (Fig. 1E, lane 3) . Addition of 1 mM DTT in the kinase reaction restored the kinase activity of MKK6 (lane 4). Collectively, our results above indicated that the kinase activity of MKK6 was sensitive to oxidation both in vitro and in mammalian cells.
The fact that the oxidation-induced inactivation of MKK6 could be readily reversed by DTT suggested the involvement of certain cysteine residues in MKK6. Although cysteine could be oxidized to different forms, the simplest hypothesis to explain the data above was that the oxidized MKK6 likely formed disulfides. There are six cysteines in human MKK6 (i.e., C38, C109, C128, C196, C216, and C294) (Fig. S1A) . To quickly check whether the oxidized MKK6 formed intermolecular disulfides, we electrophoresed the oxidized recombinant MKK6 with or without the Trx-6xHis tag on a nonreducing SDS-polyacrylamide gel with or without β-mercaptoethanol preincubation. Should the oxidized MKK6 form intermolecular disulfides, we would expect to detect bands corresponding to the size of dimer or multimers on the gel and a simultaneous reduction in the level of the monomeric MKK6. As shown in Fig. S1B , both the reduced and oxidized MKK6, with or without the Trx-6xHis tag, mainly existed in the monomeric form, suggesting that the disulfides, if present, in the oxidized MKK6 were most likely intramolecular. Consistently, the oxidized MKK6 was found to migrate slightly faster than the reduced form on the nonreducing gel (Fig. S1B ), which was a recognized feature of the oxidized proteins with intramolecular disulfides (21, 22 ).
Cys109 and Cys196 Formed an Intramolecular Disulfide Bond in MKK6
Oxidized in Vitro. To confirm whether the oxidized MKK6 indeed formed intramolecular disulfides and to identify which of the six cysteines in MKK6 were involved, we first examined the crystal structure of a constitutively active mutant of MKK6 (Protein Data Bank ID code 3FME) (Fig. S1C ). Because the small N-terminal fragment (amino acids 1-46) of MKK6 was not included in the crystal structure, the position of Cys38 relative to other residues was not clear. For the remaining five cysteines, Cys128 and Cys294 were buried in two distinct hydrophobic structural cores and thus were unlikely to form disulfide bonds with other cysteine residues (Fig. S1C ). The remaining three cysteines (i.e., Cys109, Cys196, and Cys216) were located in relatively flexible loop regions. Cys196 was about 12-Å away from Cys109 (measured between the sulfur of two Cys) in the crystal structure of the active MKK6 mutant (Fig. S1C ). Cys109 is located in a loop C-terminal to the αC helix in the N lobe of the kinase core, and this αC helix is known to undergo significant conformational change when protein kinases cycle between their active and inactive forms (23) . Thus, it was highly possible that a small conformational change in the αC helix of N lobe could bring Cys109 and Cys196 within the optimal distance (∼8 Å between their Cα carbons) to form a disulfide bond (24) . As to Cys216, it is located in the first α-helix of the kinase C-lobe and is far away from any other surface-exposed cysteine in the protein, suggesting that it is unlikely to be involved in the disulfide formation. To experimentally test our hypothesis, we generated a quadruple cysteine mutant of MKK6 (designated as MKK6-4C), with Cys38 and Cys216 being changed to serines (as these two cysteines are solvent exposed), and Cys128 and Cys294 being changed to leucine and methionine, respectively (as they are buried in the hydrophobic cores). In its reduced form, the kinase activity of MKK6-4C was indistinguishable from that of the wild-type kinase ( Fig. 2A , Upper, lanes 1 and 3). However, like the wild-type MKK6, MKK6-4C was readily inactivated by airinduced oxidation, suggesting that Cys38, 128, 216, and 294 were not directly involved in disulfide formation ( Fig. 2A , Upper, lanes 1-4). In contrast, mutation of the remaining two cysteines (i.e., Cys109 and Cys196) in MKK6-4C to serines, either singly or together, resulted in three MKK6 mutants (designated as MKK6-4C/C109S, MKK6-4C/C196S, and MKK6-6C) that were resistant to oxidation-induced inactivation ( Fig. 2A , Upper, lanes 5-10). This result suggested that Cys109 and Cys196 were involved In D, cells were pretreated with H 2 O 2 for 5 min followed by stimulation with 10 ng∕mL TNFα for 10 min. (E) Serum-starved RAW264.7 cells were either left untreated or treated with 1 μM PMA for 30 min. The same amount of the endogenous MKK6 from C-E was immunoprecipitated from whole cell extracts (WCE) and subjected to in vitro kinase assays with GST-p38(KM) as a substrate. The phosphorylated p38 (p-p38) was revealed by Western blot analysis. Ten percent of total WCE used in the immunoprecipitation experiments in C-E was analyzed by Western blotting to reveal the amount of MKK6 as well as p-p38 and total p38 (D) in each sample. in intramolecular disulfide formation. As a control, we made sure that the wild-type MKK6 and its multicysteine mutants used in the kinase assays were purified in the same batch under identical conditions and that the purity and the amount of the proteins were similar among different samples ( Fig. 2A, Lower) . Interestingly, when we electrophoresed different MKK6 proteins on a nonreducing SDS-polyacrylamide gel, we found that the oxidized forms of both wild-type MKK6 and MKK6-4C migrated slightly faster than their reduced forms ( Fig. 2A, Lower, lanes 1-4) , consistent with the hypothesis that they contained intramolecular disulfides. In contrast, no faster migration bands were observed in the oxidized MKK6-4C/C109S, MKK6-4C/C196S, or MKK6-6C (lanes 5-10). To directly reveal the number of thiol groups involved in disulfide formation in the oxidized MKK6, we subjected both the reduced and oxidized MKK6 to Ellman's reagent-based colorimetric assays (25) . As shown in Table 1 , in the wild-type MKK6, approximately six and four free thiols were found in the reduced and oxidized forms, respectively, suggesting that two of the six cysteines in the oxidized MKK6 were involved in disulfide formation. For MKK6-4C, two and zero free thiols were found in its reduced and oxidized forms, respectively, consistent with the idea that Cys109 and Cys196 were involved in disulfide formation. As a control, one free thiol was found in both the reduced and oxidized MKK6-4C/C109S and MKK6-4C/C196S, and no free thiol was found in either the reduced or oxidized MKK6-6C mutant.
To further ascertain that Cys109 and Cys196 were involved in intramolecular disulfide formation, we also subjected purified MKK6 protein to mass spectrometry analysis. In the first experiment, we employed a sequential alkylation method followed by mass spectrometry analysis. Both the reduced and oxidized MKK6 were first reacted with iodoacetamide to alkylate existing free thiol groups in the proteins (mass shift by 57.02). The proteins were then reduced to regenerate the free thiol groups that were previously engaged in disulfide formation, followed by a second alkylation reaction with N-ethylmaleimide (NEM) (mass shift by 125.04 Da). We then subjected the modified MKK6 to tryptic digestion and mass spectrometry analysis. No NEM-modified peptides were identified in the reduced MKK6. In contrast, in the oxidized MKK6, we identified two peptides, each with an expected gain of 125.04 Da in mass, which was indicative of the formation of an NEM adduct. The tandem mass spectra clearly revealed that they were Cys109-and Cys196-containing peptides, respectively (i.e., TVDC 109 PFTVTFYGALFR and MC 196 DFGISGYLVDSVAK) (Fig. S2 ). In the second experiment, we subjected the unmodified recombinant MKK6, in both the reduced and oxidized forms, to tryptic digestion followed by mass spectrometry analysis. In the oxidized sample, we detected a peak with the mass/charge ratio (m∕z) corresponding to that of the disulfide-linked peptides consisting of TVDC
109
PFTVTFYGALFR and MC 196 DFGISGYLVDSVAK (Fig. 2B) . No such disulfide-linked peptides were seen in the reduced MKK6. This experiment ruled out the possibility that Cys109 and Cys196 may form reversible sulfenamides and directly proved that Cys109 and Cys196 formed an intramolecular disulfide bond in MKK6 oxidized in vitro.
Cys109 and Cys196 Were Involved in Disulfide Bond Formation in MKK6
Oxidized in Mammalian Cells. In test tubes with purified MKK6, we already showed that Cys109 and Cys196 formed an intramolecular disulfide bond upon oxidation. To further prove that Cys109 and Cys196 were also involved in disulfide bond formation in MKK6 oxidized in mammalian cells, we first transfected HeLa cells with vectors encoding either the wild-type MKK6 or MKK6-4C. Cells were then either mock treated (control) or treated with 200 μM H 2 O 2 to induce cellular oxidation. Free thiols in cellular proteins were modified by two different methods. In the first method, cells were lysed in the buffer containing biotin-conjugated iodoacetamide (BIAM) that alkylates free thiols in proteins (26, 27) . Equal amount of HA-MKK6 was immunoprecipitated from cell lysates, separated by SDS-PAGE followed by Western blot analysis to detect the biotin-labeled MKK6. As shown in Fig. 3A , in the wild-type HA-MKK6, the extent of biotin labeling was decreased in the sample pretreated with H 2 O 2 , presumably due to reduced number of free thiols in MKK6 after H 2 O 2 -induced disulfide bond formation (compare lanes 1 and 2) . In HA-MKK6-4C from untreated cells, due to the loss of four cysteines, it was not surprising to see that the extent of biotin labeling was greatly reduced compared to that in the wild-type HA-MKK6 (compare lanes 1 and 3). Importantly, HA-MKK6-4C from H 2 O 2 -treated cells was completely refractory to BIAM-mediated labeling (compare lanes 3 and 4), consistent with the idea that Cys109 and Cys196 were engaged in disulfide bond formation after H 2 O 2 treatment. In the second method, cells were first lysed in the buffer containing iodoacetic acid (IAA) that irreversibly modified free thiols in proteins (26, 27) . The IAA-modified HA-MKK6 was then immunoprecipitated from cell lysates followed by DTT treatment to disrupt any preexisting disulfide bond(s) in MKK6 before IAA treatment. The newly exposed free thiol groups could then be relabeled with BIAM and revealed by Western blot analysis. As shown in Fig. 3B , the wild-type HA-MKK6 and HA-MKK6-4C The bacterially expressed wild-type and mutant MKK6 proteins were purified and subjected to 5′,5′-dithiobis(2-nitrobenzoic acid) (DTNB) assays. The theoretical number of free thiol groups per MKK6 molecule and the number of thiol groups derived from the DTNB assays in either the reduced or oxidized MKK6 are summarized in the table. The symbols for MKK6 and its mutants were the same as those in the legend of Fig. 2A .
from mock-treated cells did not contain any preexisting disulfide bond because BIAM failed to label the IAA-treated MKK6 or MKK6-4C (lanes 1 and 3) . In contrast, the IAA-treated HA-MKK6 and HA-MKK6-4C from H 2 O 2 -treated cells could be relabeled with BIAM, indicating the presence of preexisting disulfide bond(s) (lanes 2 and 4) . The fact that the extent of biotin labeling in the wild-type MKK6 and MKK6-4C was comparable in Fig. 3B suggested that the number of disulfide bond(s) formed in both proteins was similar. Because there were only two cysteines (i.e, Cys109 and Cys196) left in MKK6-4C, our IAA-BIAM double-labeling data strongly suggested that these two cysteines were involved in disulfide bond formation in living cells upon H 2 O 2 treatment. Furthermore, we also used PMA to trigger oxidative burst in RAW264.7 cells and probed the endogenous MKK6 with BIAM-mediated labeling. Consistently, we found less biotin labeling in MKK6 from PMA-treated RAW264.7 cells (Fig. 3C) .
To examine whether H 2 O 2 -induced disulfide bond formation in MKK6 affected its kinase activity in mammalian cells, we first individually transfected the wild-type HA-MKK6, HA-MKK6-4C, and HA-MKK6-6C into mouse embryonic fibroblasts (MEFs) derived from MKK3/MKK6 double knockout mice (28) . The employment of these cells would help to simplify our interpretation by avoiding the influence of the endogenous MKK3/MKK6. All three MKK6 constructs were expressed at similar levels in MKK3 −∕− ∕MKK6 −∕− MEFs as determined by Western blot analysis (Fig. 3D ). MEFs were either mock treated or pretreated with an increasing concentration of H 2 O 2 (from 50-200 μM) for 5 min followed by treatment with 0.4 M sorbitol for another 10 min. Under such a condition, H 2 O 2 pretreatment alone did not activate p38 MAPK in MEFs. In contrast, sorbitol treatment alone induced potent activation of both the transfected MKK6 and the endogenous p38 MAPK in MEFs (Fig. 3E) Fig. 2A) , the p38 MAPK could still be activated by sorbitol even when cells were pretreated with 200 μM of H 2 O 2 (lane 6, bottom box). As expected, the levels of the phosphorylated MKK6-6C remained relatively constant with or without H 2 O 2 pretreatment, which further proved that the amount of H 2 O 2 used did not significantly affect the signaling molecule(s) acting upstream of MKK6. Collectively, our data above showed that cellular oxidation also promoted intramolecular disulfide bond formation between Cys109 and Cys196 in MKK6 in mammalian cells, which resulted in the loss of its kinase activity.
Formation of the Intramolecular Disulfide Bond in MKK6 Interfered
with ATP Binding. To understand mechanistically how the oxidation-induced disulfide bond formation in MKK6 inhibited its kinase activity, we first checked whether the formation of the intramolecular disulfide bond drastically altered the overall structure of MKK6. CD spectroscopy was performed on two samples of the purified MKK6 protein from the same preparation: one without DTT (i.e., oxidized) and the other with 1 mM DTT (i.e., reduced). As shown in Fig. 4A , the spectrum of the oxidized MKK6 overlapped very well with that of the reduced form, suggesting that the overall structure of MKK6 was not significantly altered by oxidation. Next, we examined whether the substratebinding ability (i.e., binding to p38 MAPK) of MKK6 was affected by oxidation. The purified MKK6 (i.e., oxidized) was incubated with either a GST-p38α fusion protein or GST in the absence or presence of 1 mM DTT followed by GST-based pull-down assays coupled with Western blot analysis. As a negative control, GST failed to pull down MKK6 with or without DTT (Fig. 4B,  lanes 1 and 3) . In contrast, GST-p38α specifically pulled down a similar amount of MKK6 no matter whether DTT was present or not (lanes 2 and 4), suggesting that the p38α-binding ability of MKK6 was not greatly compromised in the oxidized MKK6. We then turned our focus on the ATP-binding ability of MKK6. Using 2′-(or-3′)-O-(BODIPY FL)-β:γ-imidoadenosine 5′-tripho- sphate (BODIPY FL-AMPPNP), a fluorescent, nonhydrolyzable ATP analogue, as a probe, we studied the binding of BODIPY FL-AMPPNP to either the oxidized or the reduced MKK6 by equilibrium fluorescence anisotropy. As shown in Fig. 4C , the binding of BODIPY FL-AMPPNP to the oxidized MKK6 was essentially undetectable. In contrast, the K d of the reduced MKK6 for BOD-IPY FL-AMPPNP was determined to be 5.7 μM. Thus, our data clearly showed that the oxidation of MKK6 abolished its ATPbinding capacity, which rendered the kinase inactive.
Cysteines Corresponding to Cys109 and Cys196 of MKK6 Were Conserved in Other Members of the MAP2K Family. To find out whether cysteines corresponding to Cys109 and Cys196 of MKK6 are conserved in other members of the MAP2K family, we performed sequence alignment for seven MAP2Ks in the human genome. As shown in Fig. 5A , Cys196 and the amino acids surrounding it are highly conserved in all seven human MAP2Ks. As for Cys109, it is also conserved in all seven MAP2Ks even though the sequences surrounding it are not highly conserved. Thus, our sequence analysis suggested that other MAP2Ks may also be sensitive to oxidation. To experimentally test this hypothesis, we selected JNKK(MKK4) and MKK1 as examples. We purified the recombinant JNKK1 and MKK1 from Escherichia coli in the absence of any reducing agent, and subjected them to in vitro kinase assays with or without DTT using GST-JNK1 and GST-ERK2 as a substrate, respectively. As shown in Fig. 5B , in the absence of JNKK1 or MKK1, the autophosphorylation of GST-JNK1 or GST-ERK2 was very low regardless of the presence of DTT (lanes 1, 2, 5, 6 ). In the absence of DTT, the addition of JNKK1 or MKK1 did not significantly promote the phosphorylation of GST-JNK1 or GST-ERK2 (lanes 4 and 8) . In contrast, addition of 1 mM DTT potently enhanced the kinase activity of both JNKK1 and MKK1 as evidenced by greatly enhanced phosphorylation of GST-JNK1 and GST-ERK2, respectively (lanes 3 and 7). Thus, like MKK6, the other members of the MAP2K family were also sensitive to oxidation.
Discussion
Although a number of protein kinases have been shown to be regulated by cellular redox, the underlying mechanisms vary from one kinase to another. In general, the redox-sensitive kinases can be divided into two groups. For kinases in group I, oxidation regulates their activities in an indirect manner. For example, apoptosis signal-regulating kinase 1 (ASK1) is normally bound and repressed by Trx in its reduced form. Upon oxidation, two cysteines in the active site of Trx are oxidized, which leads to dissociation of Trx from ASK1 and subsequent activation of ASK1 (29) . A recent paper suggests that the mechanism for oxidation-induced ASK1 activation may be more complicated than we originally thought, because a cysteine outside the kinase domain of ASK1 (i.e., Cys 250 ) could also be directly modified by oxidation, which affects its ability to activate JNK and to mediate H 2 O 2 -induced apoptosis (30) . However, it remains unclear how the redox state of Cys 250 dictates the activity of ASK1 toward JNK. Two indirect mechanisms have also been proposed to explain the oxidation-induced JNK activation: the first involves the oxidation-induced dissociation of glutathione S-transferase pi (GSTp) from JNK (31) . Similar to the effect of Trx on ASK1, the monomeric GSTp was also found to bind and inhibit JNK. The second indirect mechanism involves the oxidation-induced inactivation of a JNK-specific phosphatase through direct modification of the catalytic cysteine (32) . For kinases in group II, oxidation can regulate their activities by directly modifying key cysteines in these kinases. In the case of mitogen-activated protein kinase kinase kinase 1, a member of the MAP3K family, oxidation selectively induces glutathionylation of Cys 1238 near the conserved GXGXXG(or S/A) motif (i.e., P loop) in the kinase subdomain I (i.e., GLGAFSSC 1238 ) that is known to directly bind ATP (15) . As for Src, a recent paper showed that oxidation induced the formation of a homodimer via an intermolecular disulfide bond between two Cys 277 in the middle of the conserved P loop (i.e., GQGC 277 FG in rat Src) (33) . In both cases above, oxidation of a specific cysteine in the kinase domain inactivates the kinases, which is fully reversible upon treatment with a reducing agent. Although ATP binding could be compromised due to the location of the cysteine being modified, no direct experimental evidence was provided in these two studies. We demonstrate here that MKK6 is a distinct cellular redox sensor belonging to the redox-sensitive kinases in group II. MKK6 is inactivated by oxidation both in vitro and in living cells due to the formation of a specific intramolecular disulfide bond between Cys109 and Cys196 in the kinase domain, which directly inhibits ATP binding. In MKK6, Cys196 was immediately followed by an aspartic acid (i.e., D197) in the highly conserved triplet "DFG" in the kinase subdoamin VII (Fig. 5A) . D197 is 1 of the 12 invariant or nearly invariant amino acids highly conserved in most members of the mammalian kinome and is known to directly chelate the Mg 2þ ion that binds to the β-and γ-phosphates of ATP and facilitates the transfer of the γ-phosphate (23, 34) . Therefore, it is likely that oxidation of Cys196 may interfere with the Mg-ATP binding function of D197, leading to the inactivation of the kinase. Similarly, in the case of ERK that also has a cysteine (i.e., Cys 166 ) immediately in front of the DFG triplet, covalent modification of Cys 166 by FR148083, a small compound isolated from fermentation culture broth, led to specific inactivation of ERK (35) . Both JNK and p38 MAPK were resistant to FR148083 due to the lack of such a cysteine in front of the DFG triplet. In addition to MKK6, the remaining six MAP2Ks all contain equivalents of Cys109 and Cys196 (Fig. 5A) . Therefore, one can predict that these MAP2Ks were also subject to similar redox regulation. Indeed, we found that both JNKK1 (MKK4) and MKK1 were sensitive to redox regulation (Fig. 5B) . A quick survey of the primary sequence of a number of other protein kinases shows that some of them (e.g., GSK3α, NinaC) also contain cysteines at positions corresponding to Cys109 and Cys196 in MKK6, suggesting that the oxidationinduced inactivation mechanism identified here for MAP2Ks could also apply to those kinases as well.
Although our data here clearly show that oxidation inactivates MAP2Ks, paradoxically, some reports showed that oxidation could activate various MAPKs (29, 36) , whereas others claimed that oxidation had minimal effect on the activity of selected MAPKs (37, 38) . A survey of the literature suggests that the factors contributing to the confusion include different types and doses of oxidants, different cell types, as well as different treatment time used in various studies. In our own experimental scheme, we did not see obvious activation of the p38 MAPK by H 2 O 2 at the concentration that inhibited the activity of MKK6. Moreover, in our cell-based studies, we employed a dual-treatment scheme (i.e., first treating cells with H 2 O 2 for 5 min followed by stimulation with sorbitol or TNFα for another 10 min) that could minimize some potential complicated issues (e.g., half-life of H 2 O 2 in cells, resynthesis of proteins of interest after their inactivation by oxidation, etc.). As to the paradoxical effect of oxidation on MAPK signaling in the literature, the following mechanisms may provide some explanations. First of all, it is likely that oxidation-induced activation and inactivation of MAP2Ks occur in distinct phases: with activation occurring first followed by inactivation. Such a scenario suggests that inactivation of MAP2Ks could serve as a negative feedback mechanism to turn off the MAPK signaling. Secondly, in addition to the classical MAP3K-MAP2K-MAPK signaling cascade, MAPK may also be activated by a MAP2K-independent manner (39, 40) . This mechanism may explain why oxidation sometimes activates MAPK even though MAP2Ks are inactive. Lastly, the oxidation-induced inactivation of MAPKspecific phosphatases, all of which contain a catalytic cysteine in their active sites, could be another mechanism that sustains MAPK activation even when MAP2Ks are inactivated (41) (42) (43) .
In summary, our studies here define MAP2Ks as a unique class of cellular redox sensor. Our mechanistic studies reveal that formation of a specific intramolecular disulfide bond between Cys109 and Cys196 in the kinase domain inactivates MKK6 by inhibiting ATP binding. Similar phenomenon has not previously been seen in other oxidation-sensitive kinases. Moreover, this mechanism is not unique to MKK6, because we show that other members of MAP2K are similarly regulated by oxidation due to the presence of cysteines at positions equivalent to Cys109 and Cys196 of MKK6. In the future, it would be extremely interesting and informative to investigate the biological effect of an oxidation-resistant MKK6 under various pathophysiological conditions by knocking in the mutant gene into a desired model organism.
Materials and Methods
Detailed information on DNA constructs, cell lines, and chemicals used, as well as standard procedures for a number of assays were described in detail in SI Materials and Methods.
Labeling of Reduced Cysteines by BIAM. Labeling of reduced cysteines by BIAM was carried out as described previously with minor modification (26) .
Equilibrium Fluorescence Anisotropy. The fluorescence anisotropy was measured using BODIPY FL-AMPPNP (30 nM) and increasing amount of MKK6 proteins in the binding buffer with or without 1 mM DTT. The titration curves were fitted with the MicroCal Origin software package.
